The potential of LNAPL delineation by 222 Rn soil-gas monitoring in a chemically heterogeneous vadose zone was investigated in this study based on laboratory (batch and columns) experiments and numerical 
Introduction
Contamination of soils and groundwater by Light and/or Dense Non-Aqueous Phases Liquids (L-and DNAPLs) such as petroleum products or chlorinated solvents is a widespread environmental problem. To develop improved remediation design for contaminated sites, quantification of NAPLs and source zone delineation in the subsurface is crucial. Sampling techniques such as soil cores, bore holes and trenches are commonly used but present considerable difficulties and are expensive (Feenstra et al., 1991; Hunkeler et al., 1997) . Less intrusive techniques like soil gas surveys including monitoring of Volatile Organic Compounds (VOCs) provide valuable information on the extent of NAPL source zones in the unsaturated zone, and are usually used as a screening method because of their convenience and low cost (Wilson, 1997) .
Direct detection of VOCs is; however, only possible when dealing with volatile NAPLs and is thus of no use in the case of contamination with diesel fuel, kerosene or engine oil, for example (Schubert et al., 2005) .
In addition, direct detection of VOCs does not enable NAPL quantification in the source zone (Hohener and Surbeck, 2004) . In recent years, partitioning and interfacial tracers have been assessed to evaluate their capability to estimate both the location and the amount and distribution of NAPLs in the vadose zone (Brusseau et al., 2003; Deeds et al., 1999; Jin et al., 1995; Mariner et al., 1999; Werner, 2002; Werner and Höhener, 2002) . However, this method requires the injection of synthetic chemicals as tracers, often associated with high costs and additional environmental concerns.
The use of naturally occurring soil gas which partitions into NAPLs deserves to be evaluated as an alternative option. Over the past two decades, naturally occurring radon-222 ( 222 Rn) gas has been considered as a possible indicator for NAPL localization and quantification in both the vadose zone (Schubert et al., 2007b (Schubert et al., , 2001 ) and the saturated zone (Davis et al., 2005; Hunkeler et al., 1997; Semprini et al., 2000) .
222
Rn is undergoing radioactive decay with a half-life of 3.82 days and is produced by disintegration of radium-226 (Schery et al., 1984) . Radium-bearing minerals release 222 Rn into the surrounding pore space occupied by gas and/or water. While migrating through soils,
Rn dissolves into NAPLs, despite being otherwise chemically inert (Hoehn and Von Gunten, 1989; Kimiko Horiuchi et al., 1981; Nazaroff, 1992; Sakoda et al., 2011; Surbeck, 1993; Wong et al., 1992) .
The migration of 222 Rn in vadose zone can be driven by advection, diffusion or a combination of both (Kristensen et al., 2010; Minkin, 2002; Minkin and Shapovalov, 2016; Richon et al., 2011; Schaefer et al., 1997; Schubert and Schulz, 2002; Wang et al., 2019; Yakovleva and Parovik, 2010) . However, unless a significant source of gas (eg. air sparging, soil venting…), advection is a small contributor to gas transport (Molins et al., 2010) . Barometric pressure fluctuations can also induce gas advection but over long time intervals, the effect cancels out and this effect is only significant for deep vadose zones and low water content (Atteia and Höhener, 2010; Massmann and Farrier, 1992) . Gas advection could also be related to moisture content changes due to precipitation and/or water table fluctuations. However, the timescale of water content changes is slow in relation to the time sale of gas transport, so if there is no entrapment of gas, the effects will be short lived and transport will remain predominately diffusive. Thus, for long term 222 Rn migration through unsaturated zone,
Rn transport is mainly diffusion driven. In homogeneous vadose zones with a uniform radium-226 distribution and decay rates, 222 Rn activities measured in soil-gas are then expected to show local decreases in the vicinity of NAPL source areas in comparison with profiles at uncontaminated sites nearby. A 222 Rn deficit in soil-gas could therefore be used to localize NAPL contamination as part of a soil gas survey. Schubert et al. (2007a Schubert et al. ( , 2001 ) measured 222 Rn partitioning coefficients between air, water and NAPL in closed systems; they observed a distinct negative correlation between 222 Rn activities in soil gas and NAPL saturation in laboratory column experiments containing NAPL-contaminated sand, demonstrating the applicability of radon gas as an indicator for the quantitative evaluation of the presence and abundance of NAPL in the vadose zone. For different field cases at former gas stations (Barbosa et al., 2014; García-González et al., 2008; Schubert et al., 2007b Schubert et al., , 2001 , the 222 Rn method has been shown effective for delineation of NAPL-contaminated source zones.
However,
Rn activities in soil gas depend on various parameters including radium content and radon emanation from the soil, soil porosity, moisture content and groundwater level (Mosley et al., 1996; Van Der Spoel et al., 1999) . At a contaminated site,
Rn activities may therefore vary from one location to
another not only because of NAPL distribution in the subsurface, but also as a function of physical and chemical soil heterogeneity (Hohener and Surbeck, 2004 Rn behavior in heterogeneous vadose zones.
The aim of the present study is to delineate the limits of the 222 Rn gas method to identify LNAPL sources in chemically heterogeneous unsaturated media and to determine the relevant parameters affecting field application of this method, especially in cases with heterogeneous 222 Rn production and/or NAPL distribution in the vadose zone. To reach this goal, the MIN3P reactive transport code (Mayer et al., 2002) was enhanced taking into account 222 Rn production, phase partitioning and Rn-decay in the gas phase. The model was first verified against analytical solutions and then used to interpret laboratory experiments. Batch experiments were carried out to determine different porous media
Rn production rates and 222 Rn partitioning between gas, water and NAPL (colza oil) phases. Column experiments were conducted to assess 222 Rn profiles in uncontaminated and NAPL-contaminated heterogeneous vadose zones. These experimental results were compared to numerical simulation results obtained with the enhanced version of MIN3P, which was also used to investigate the effect of differing NAPL distributions.
Material & Methods

General equations
The transport equation for
222
Rn in soil is based on equations for diffusive tracer transport affected by the presence of NAPL and water (Simon and Brusseau, 2007; Werner et al., 2009; Werner and Höhener, 2002 ).
These equations have been modified to take into account 222 Rn in-growth from minerals as well as radioactive decay. Assuming soil gas, soil water and NAPL to be immobile and neglecting adsorption on the solid phase (Nazaroff, 1992; Van Der Spoel et al., 1999) (Silker and Kalkwarf, 1983) ) due to higher dynamic fluid viscosity and high molecular weight (Grathwohl, 2012 ).
If decay is described by a single first-order rate constant λ (2.1×10 -6 s -1 ), Q can be expressed as follows:
Eq. (2)
with E the dimensionless 222 Rn emanation coefficient (-), CRa the solid 226 Ra content (Bq kg −1 ), ρs the solid phase density (kg m -3 ) and θt the total soil porosity (-).
Assuming instantaneous linear equilibrium between gas, water and NAPL phases, the partitioning of radon can be described using the gas-water partitioning coefficient KH (Henry coefficient, Eq. (3)), the NAPLgas coefficient (Kn, Eq. (4)) and the NAPL-water partitioning coefficient (Kn-w, Eq. (5)). where S is the release rate of radon into the gas-filled pore space (kBq m -3 s -1 ), due to radium decay:
Eq. (7) =
(1− )
Porous media properties
In order to assess the effect of chemical heterogeneity on 222 Rn activity profiles in soils, two types of sand were used. These two sands were chosen for their similar transport characteristics (grain-size distribution, porosity) and their theoretically different 222 Rn production. Indeed, the first material (MP1) is a purified industrial sand (99% quartz, Gedimat, France) with a 300-600 µm grain size (mean grain size diameter = 466 µm (σ=1.3)), and the second material (MP2) is an alluvial sand from the Aquitaine basin (France)
sieved to obtain a 250-710 µm grain size (mean grain size diameter = 392 µm (σ=1.4)).
The water retention characteristics of both sands were measured by observing changes in pore water content in small columns filled with each sand during very slow water level increases. In these experiments, the studied initially dry sand was placed in a cylinder of 8 cm diameter and 85 cm height equipped with four SM-100 Waterscout capacitive probes (Spectrum Technologies, USA) installed at different elevations (20, 24, 26 and 28 cm) . The bottom of the cylinder was covered with a cloth filter so that only water can freely enter or leave the sand column. The cylinder was then inserted vertically in a larger column which was progressively filled with water. The sand moisture content measured by the probes was recorded automatically every hour by a Watchdog 1000 station (Spectrum Technologies, USA) while the water level was monitored and successively increased (cm by cm) after equilibration of the measured water contents was reached (3-4 days). These measurements give water contents at different elevations above the water table, allowing the van Genuchten (VG) parameters to be determined using the VG equation (Eq. (8), Van Genuchten (1980) ) and the least squares method.
where θwr and θws correspond to the residual and the saturated water contents, respectively; α (m -1 ), n and m (unitless) are the soil hydraulic retention parameters with = 1 − 1/ . |ℎ| (m) is the pressure head, equal to the elevation above the steady state groundwater level, i.e. under no-flow conditions.
Batch experiments
In order to determine porous media 222 Rn production (ECRa) and to assess 222 Rn gas-NAPL (Kn) partitioning, batch experiments were performed. A first set of batch experiments was dedicated to the measurements of the 222 Rn production of the porous media used in this study. The effect of water content on apparent 222 Rn production was also investigated during these experiments. A second set of experiments was dedicated to determine the 222 Rn gas-NAPL partitioning coefficient for the NAPL (colza oil) used in this study.
All these experiments were performed using glass bottles sealed with gas-tight pre-perforated rubber stoppers. The gas-tightness of the containers was previously validated with tests conducted to ensure that an overpressure or vacuum of 100 mbar could be maintained for 6 weeks (maximal batch experiment duration). The validation was successful with a variation of less than 2 mbar in both cases. Besides, the gas-tightness of every batch experiment was individually and systematically checked by lowering the pressure using a vacuum pump. The pressure was monitored during 5 minutes to detect any leakage. After leak checking, a syringe needle was inserted in the rubber stopper to restore atmospheric pressure and then removed to allow the batch reactor to re-equilibrate.
Sample of mass ms of dry porous media was first moistened to a desired volumetric water content adding a mass mw of water and (eventually) contaminated with a mass mn of NAPL before being homogenized and placed into glass bottles, followed by sealing the bottles with gas-tight pre-perforated rubber stoppers. For the experiments with NAPL, colza oil was chosen because of its non-toxicity, relatively high viscosity and low volatility.
Rn production and 222 Rn decay in the container) before 222 Rn activity measurement. Note that 222 Rn radioactive equilibrium can be expected after about 5 half-live times (19 days) in the absence of NAPL, and somewhat earlier in the presence of NAPL (Hunkeler et al., 1997) . Once this equilibrium is reached, in the absence of leakage and if diffusion in the sample can be ignored, the 222 Rn activity in the free gas volume is homogeneous and equal to Perrier, 2012a, 2012b) :
with Vg the total gas volume (m 3 ) present in the container:
where V0 is the glass bottle volume, ms, mw and mn are solid, water and NAPL mass, respectively, and ρs, ρw and ρn are the solid, water and NAPL density, respectively.
Column experiments 2.4.1 Column design
In order to assess 222 Rn profiles in uncontaminated and NAPL-contaminated heterogeneous vadose zones, several column experiments were conducted. The experimental column consists of a 2.0 m tall stainless steel pipe with an internal diameter of 0.17 m. Nine stainless steel capillary tubes connected to valves and spaced 20 cm apart were inserted along the column length to sample the soil gas near the column axis. The spacing between the sampling ports was chosen based on the gas volume extracted for measurement (125 mL) and the pore volume affected by gas sampling. The total extracted gas volume is considered negligible in comparison with the total pore gas volume in the column (less than 10% considering an averaged gas content of 0.3). Flexible tubing was connected to the bottom of the column to control the water table. an otherwise identical porous medium configuration as described before.
Experimental configurations
For both experiments, the column was packed gradually with layers of 10-15 cm to obtain nearhomogeneous packing (porosity after packing was about 0.38±0.02). After column packing, redistribution of liquids occurred within the column, leading to water flow through the tube at the bottom of the column during a few days. This drainage event had a weak influence on both experiments since (i) the water table was fixed by the tube height for the first experiment (without NAPL) and (ii) the distribution of liquid contents were measured after completion of the experiment with NAPL (cf. below).
Vertical profiles of 222 Rn activity in the soil gas were measured after an equilibration period of 3-4 weeks, starting with the upper valve and continuing until reaching the deepest valve at the base of the column. 
Column deconstruction: Measurement of water and NAPL contents
After termination of the experiment with NAPL, the column was placed in horizontal position and 100 g sand samples were recovered in 0.10 m long sections using a 5 cm diameter corer, starting from the bottom of the column. Water and NAPL content were determined using the loss on ignition method (Rodier et al., 2009 ). About 30 g of soil samples were first dried at 105°C during 24 h to determine water content, and then heated to 525°C during 4 h to determine NAPL content. After each heating step, the sample mass was measured after cooling down to room temperature. Weighing was performed in a desiccator containing activated silica gel to avoid sample re-humidification.
222
Rn activity determination
The soil-gas was extracted in 125 cm 3 scintillation flasks (Algade, France) under vacuum using a steel needle linked to a valve. Upon completion of sampling, the flask was immediately inserted in the counter chamber of a portable alpha counter (CAPP2, Algade, France) and kept in the dark for about 3 h, the necessary time for the radon to reach radioactive equilibrium with its decay products (Girault and Perrier, 2012a Rn activity were readjusted taking account of pressure modification due to gas extraction from a closed system.
Modelling
Modeling of 222 Rn activity profiles in the column experiments was conducted with MIN3P, a general purpose flow and reactive transport code for variably saturated media (Mayer et al., 2002; Molins and Mayer, 2007) . For the current work, the code was enhanced to take into account radon production, dissolution of radon into NAPL, and radon decay in the gas and NAPL phases. The verification of the code enhancements against analytical solutions is presented in the SI. Figure 2 presents the water, NAPL and gas phase distributions in a vadose zone system, and its conceptualization in the MIN3P code. Since MIN3P
is not a multiphase flow code, NAPL is treated similar to a solid immobile phase, leading to a decrease in porosity in the presence of NAPL. In the model, total porosity consists only of water and gas-filled porosity.
In the absence of advective transport processes, this simplification does not introduce any errors, and adequately accounts for NAPL, water and fluid contents in the medium with appropriate water saturation modification. The absence of NAPL-gas contact is also not important, since all partitioning is assumed at equilibrium. The mass conservation for radon in the vadose zone is expressed according to Eq. (1), as described above.
222
Rn production by minerals and decay in gas, water and NAPL phases are treated as kinetically-controlled reactions. 222 Rnw is produced from radium decay represented by the Rns solid subject to zero order kinetics. The partitioning of radon is described using the gas-water partitioning coefficient KH (Henry coefficient, Eq. (3)), and the NAPL-water partitioning coefficient (Kn-w, Eq. (5)) The vadose zone was described using a 1D-model accounting for the different porous media layers, as in the column experiments. The van Genuchten parameters (α, m and n) were taken from previous experiments conducted in this study for characterization of water retention. In the NAPL zone, the porosity and water residual saturation were specified according to loss on ignition results. Care was taken to represent the contents of the gas, water and NAPL phases to ensure that diffusive transport and phase partitioning was described adequately. The Millington and Quirk (1961) formulation was used to estimate tortuosity and effective diffusion coefficients both for the aqueous (Eq. (11)) and gas (Eq. (12)) phases. to a first type boundary condition (Dirichlet). From this boundary layer, gases are allowed to diffuse into the soil or out of the soil (in the gas phase).
Results and discussion
3.1 Porous media characteristics
Van Genuchten parameters
The capillary pressure curves of the porous media are presented in Figure 3 showing experimental as well as simulated results for MP1 and MP2. The best fitting VG parameters are α = 50 m -1 , n = 3.1 and m = 0.7
and α = 80 m -1 , n = 2.7 and m = 0.6, for MP1 and MP2, respectively. It can be seen on Figure 3 that these water retention curves are very similar for both porous media, which can be explained by their similar grain size distributions. The VG parameters obtained here appear to be in the range of the van Genuchten parameters obtained by others for sands (Atteia and Höhener, 2010; Zeng et al., 2012) . Rn device sensitivity, an ECRa increase as a function of water content was not detected for MP1. The lower ECRa of MP1 can be explained by the composition of the sand which consists of 99% quartz, whereas the alluvial sand is composed of different mineral fractions including radiumbearing minerals.
The mechanism for how water content affects the radon emanation is only partly understood and has been reviewed by Tanner (1980) . It can be stated that in a dry porous medium a fraction of radon atoms that escape from a grain due to recoil enters in another grain. Since the recoil range in water is much smaller than in air (0.1 and 63 µm, respectively), addition of water into the pore space inhibits this mechanism (Nazaroff, 1992) . This process is likely responsible for the measured increase of the ECRa between the dry sand and the sand at water content of 0.03. At larger water content, the effective radium concentration appears to be relatively constant, with only little variations. Mosley et al. (1996) and Van Der Spoel et al.
(1999) also observed small variations of their emanation coefficient with water content but were unable to explain them. Girault and Perrier (2012) obtained relatively stable ECRa and concluded that the effect of water saturation will not be a concern in most applications. Indeed, for environmental applications, ECRa is stable enough in the relevant range of moisture contents. These results permitted to calculate with = (1− )
Eq. (7) averaged ECRa (excluding dry value for MP2).
NAPL-gas partition coefficient (Kn) determination
The results of the 222 Rn activity measurements from batch experiments with various NAPL contents are presented in Figure 5 . Because of (i) MP1 222 Rn lower production, (ii) the low 222 Rn device sensitivity and (iii) the presence of NAPL contamination exclusively in MP2, these experiments were only conducted with MP2. As for 222 Rn production, Figure 5 Kn value allows to calculate a NAPL-water partitioning coefficient Kn-w=22.7 according to the relation given in Eq. (5). The uncertainty could; however, be reduced using higher NAPL contents to better constrain the fitting curve. The obtained value is in good accordance with partitioning coefficients found in the literature for colza oil (Clever, 1979 ). Rn activity at the top of the column. The mismatch could also be linked to a lower water content near the porous media-atmosphere interface due to water evaporation, resulting in higher gas diffusion. Indeed, the uppermost 10 centimeters of MP1 at the top of the column looked dryer than the rest of the porous medium during column deconstruction. Water content was not measured in situ for this experiment, and some minor water remobilization may have occurred in the column because of an initial moisture value slightly higher than the residual water content of the sands. Indeed, the water level in the flexible tube connected to the base of the column increased after column filling, probably due to gravity-induced drainage and/or compaction of the column content during filling. However, the water level was stabilized at 0.12 ± 0.01 m at least two weeks before gas sampling. Figure 7 also shows that a significant fluid redistribution has occurred during the time period between the setup of the column and its dismantling, especially for NAPL. Indeed, the colza oil was added to the MP2 sand to reach an initial θn of 0.20, which corresponds to a value greater than the value at which a NAPL phase can be considered as immobile in soils (Mercer and Cohen, 1990) . Thus, MIN3P modelling was conducted using water and NAPL contents measured after column deconstruction (Model parameters in SI), representing equilibrium phase contents.
With NAPL
It can be seen on Figure 7 that experimental and modelling results are in very good agreement, with the simulated activity profile closely following experimental measurements, building confidence in the conceptual model for the contaminated configuration. and 33 cm in thickness, respectively). In order to observe 222 Rn decreases representative of field conditions, a partitioning coefficient for Diesel fuel-water (Kn-w=60) was used for these simulations (Baskaran, 2016; Hunkeler et al., 1997) . Other numerical simulation parameters are presented in the SI. Results of the influence of NAPL distribution on 222 Rn profiles for heterogeneous aquifers are presented in Figure 9 . This figure reveals that the 222 Rn activity profile varies strongly depending on NAPL distribution.
The lowest decrease in 222 Rn activities can be observed for configurations with the NAPL layer filling the water-free porosity completely (case 1 and 3) while the most pronounced decrease in 222 Rn activities can be observed for cases with co-existing gas and NAPL phases (cases 2 and 4). These simulations indicate that NAPL distribution has a substantial influence on the 222 Rn activity profile, with more substantial activity decreases for unsaturated conditions, i.e. in the presence of a gas phase that reaches into the contaminated region. Indeed, the presence of residual NAPL (cases 2 and 4) induces a lower
222
Rn activity gradient than under fully saturated conditions (cases 1 and 3). These results suggest that the presence of NAPL can be identified more easily by soil gas measurements when residual NAPL is present over a greater thickness, which is in accordance with conclusions by Höhener and Surbeck (2004) . The identification of a NAPL layer via a gas survey is; however, more difficult if the NAPL layer fills the entire water-free pore space (case 1). Indeed, in comparison to the uncontaminated case, the 222 Rn activity at 50 cm depth is lowered by 40% for the case with a discrete NAPL layer filling all water-free pore space (case 1), while it is reduced by 49%, 65% and 67% in presence of a layer that contains both gas and NAPL of 15, 52 and 74 cm thickness (Case 3, 4 and 2), respectively. In order to determine if these findings translate to situations with 222 Rn production in homogeneous aquifers, the same numerical simulations were conducted with a homogeneous aquifer configuration, based on the properties of the sand with the highest 222 Rn production (MP2). The results of these simulations are presented in Figure 10 . Simulation results confirm that the same conclusions are obtained as for 222 Rn production in heterogeneous porous media. However, because the 222 Rn production is high throughout the entire unsaturated zone, the activity decrease of 222 Rn at 50 cm depth relative to an uncontaminated case is more difficult to observe than for 222 Rn production under heterogeneous conditions (MP2 below MP1).
Under homogeneous conditions, activities decrease by 19, 36, 28 and 40% for cases 1, 2, 3 and 4, respectively. For example, at 1 m depth, the activity decrease is of 26, 49, 39 and 56% for cases 1, 2, 3 and 4, respectively. This comparison analysis illustrates the importance of collecting gas samples as deep as possible to facilitate the detection of NAPL. 
Conclusion
